Abstract-A novel microstrip tri-band bandpass filter is proposed and implemented using hybrid resonator with independently controllable center frequencies and good in-between isolation. This hybrid resonator is constructed by a stepped-impedance stub resonator and a single end shorted resonator. The stepped-impedance stub resonators are applied to achieve the first and second passband, while the third passband is implemented by single end shorted resonators. By applying the even-odd mode approach, the resonance frequency ratio between even mode and odd mode inside the stepped-impedance stub resonators is attained. Furthermore, the filter with multi-path coupling structure can generate the transmission zeros at the edge of the passband, which can effectively improve the filter passband selectivity. Finally, a tri-band filter operating at 1.91, 2.73, and 3.45 GHz is designed and fabricated. The measurement results accord well with the full-wave electromagnetic designed responses.
INTRODUCTION
With the rapid development of multiple bands operation for wireless communication applications, triband bandpass filters (BPFs) have gained a lot of attention of many researchers in recent years. Various design approaches and structures have been used to develop tri-band BPFs. Classical resonators include stub-loaded resonators (SLRs), and stepped-impedance resonators (SIRs) were widely used to design triband BPFs [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Modified stub-loaded resonator [1] [2] [3] [4] was utilized to design tri-band BPFs. A series of multi-stub loaded resonators were used to design tri-band BPFs [1, 2] . In the analysis of multi-stub loaded resonator, even-and odd-mode analysis is utilized twice to analyze its resonance characteristics. In [3] , a tri-band filter was designed by one set of stub-loaded short-ended resonators. Three embedded bending stub resonators were employed to achieve tri-band filter with compact size [4] . Other typical methods were utilized to modified forms of stepped-impedance resonators (SIRs) in [5] [6] [7] [8] [9] [10] . A multimode stepped-impedance resonator with a 0 • tapped-feed structure was proposed to design a miniaturized tri-band BPF in [5] . To provide more freedom to control the filter harmonics responses, tri-section stepped-impedance resonators (TSSIRs) were proposed to build up tri-band BPFs [6, 7] . Moreover, a tri-band BPF based on two modified TSSIRs was present in [8] . In [9] , a compact tri-band BPF using multipath-embedded resonators (MERs) was proposed, which consisted of two centrally connected the SIRs. In [10] , two direct-coupled stepped impedance resonators (SIRs) with open stubs were proposed to design a compact tri-band BPF.
Besides these classical resonators, some novel resonators were also widely used, such as modified forms of stepped-impedance resonators (SIRs) [11] [12] [13] [14] , ring resonators [15, 16] , and assembled resonators [17, 18] . In [11] , open stub-loaded shorted stepped-impedance resonator (OSLSSIR), which consisted of a two-end-shorted TSSIR with two identical open stubs loaded at its impedance junctions, was used to design a tri-band BPF. Moreover, a compact tri-band BPF using open stub loaded tri-mode λ/4 SIR with excellent band-to-band isolation was presented in [12] . Also, a pair of asymmetric SIRs with parallel coupling arrangement was proposed to perform the tri-band responses in [13, 14] . A ring resonator with three pairs of degenerate modes was utilized for tri-band operation by controlling the perturbations of four open stubs [15] . Furthermore, improved configurations with dual-mode doublesquare-loop resonators (DMDSLRs) for tri-band filter were presented in [16] . Other design modes of tri-band BPF which combined two kind resonators is proposed in [17, 18] . In [17] , a tri-band filter was proposed where the DGS-based resonators resulted in the first passband, and stub-loaded resonators contributed to the second and third band. In [18] , the assembled resonators constructed by a SIR and a common half-wavelength resonators were proposed to achieve the tri-band BPF.
In this paper, a compact tri-band BPF based on hybrid resonator which consists of steppedimpedance stub resonators (SISRs) and single end shorted resonators (SESRs) is presented. The resonant behavior of SISRs and SESRs is analyzed in detail firstly, then multi-path coupling structure of the proposed filter is investigated thoroughly. After a study on the mechanism of hybrid resonator, a tri-band BPF is designed and fabricated to provide an experimental verification on the proposed filter. Figure 1 illustrates the layout of the proposed tri-band BPF based on hybrid resonator. It consists of stepped-impedance stub resonators (SISRs) and single end shorted resonators (SESRs). The stepped impedance stub of SISRs is bent upward, while the SESRs are embeded inside the SISRs to achieve the tri-band BPF. To miniaturize the overall size, all the stubs of SISR and SESR employ a bending structure. Multi-path coupling structure is achieved by stub-to-stub coupling of SISRs and SESRs. On the other hand, outer resonators SISRs operate at the first and second passband frequencies, i.e., f 1 and f 2 . And the SESRs operate at the third passband frequency Figure 1 . Physical layout of the proposed triband BPF based on hybrid resonator. Figure 2 shows the equivalent circuit of the SISRs. Since the presented SISRs are symmetrical in structure, the even-and odd-mode approach can be applied to analyze it. The voltage is null along the plane A-A when odd-mode excitation is applied, which results in the odd-mode equivalent circuit of Figure 2 (b). The input admittance for odd-mode can be derived as
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f 3 . 1 L 2 L 3 L 4 L 5 L 6 L 1 W 2 W 2 W 1 W d 1 S 2 S 3 SA A' Y , θ 2 2 Y , θ 2 2 Y , θ 2 2 Y , θ 1 1 Y , θ 1 1 Y , θ 1 1 Y , θ 4 4 Y , θ 3 3 Y in, odd Y in, even Y 4 2 , θ 4 Y 2 , θ 3 3 (a) (b) (c)
Resonant Behavior Analysis of Hybrid Resonator
For the even-mode excitation, the equivalent circuit is shown in Figure 2 (c). Under the special case of 2Y 2 = Y 4 , 2Y 1 = Y 3 , and θ 2 = θ 4 , the input admittance of even mode is expressed as
where the θ i = β · l i (i = 1, 2, 3) is the electric length of the microstrip line, Y i (i = 1, 2, 3, 4) the characteristic admittance of the microstrip line, and K = Y 2 /Y 1 the admittance ratio of high-and low-admittance lines. In order to simplify the analysis, θ 1 = 2θ 2 , θ 3 = θ 1 are assumed in the derivation. From the resonance condition of Y in,odd = 0, and Y in,even = 0, the first five resonance frequencies of SISR can be obtained from (1) and (2),
Since the first even-mode frequency is equal to the odd-mode frequency, normalized frequency ratios are summarized
In order to further analyze the resonant characteristics, the design graph of admittance ratio (K) and frequency ratio (f eveni /f odd , i = 1, 2, 3, 4) are shown in Figure 3 . It can be observed that by decreasing the value of K (K < 1), the even-mode frequency deviates away from the fundamental frequency. This feature is useful for achieving multi-band BPFs. However, for K > 1, the even-mode frequency is close to the fundamental frequency so that the wideband filter can be achieved. In order to design the tri-band BPF, admittance ratio K is set at 0.7. The first even-mode frequency is equal to the odd-mode frequency; the even-mode frequencies of f even2 and f even3 are always close to each other, which make up the second bandpass, while the even-mode frequency of f even4 is far away the other even-mode frequency. As a consequence, the third bandpass is designed by introducing the SESRs.
The λ/4 single-end shorted resonators (SESRs) are introduced to make up the tri-band BPF with the SISRs. Figure 4 illustrates the configuration of the λ/4 single end shorted resonators. The total length L of the λ/4 SESRs is approximately determined by the following equation:
where f is the resonance frequency, c the light speed in free space, and ε eff the effective dielectric constant of the substrate. Therefore, the third bandpass frequency is mainly determined by the length of the SESRs, and proper selection of the coupling dimensions can obtain desired bandpass performance. 
Analysis of Characteristics Coupling
To achieve the desired bandwidth for the three passbands, adjusting the coupling dimensions of the proposed filter is necessary. The first bandpass is formed by splitting the first even-mode and odd-mode frequencies, due to the introduction of the stub-to-stub coupled structure [19] . On the other hand, the coupling coefficients related with the desired fractional bandwidths is controlled by the coupling spacing S 1 , S 2 , and S 3 between the SESRs and SISRs. The external quality factor (Q e ) at the corresponded resonant frequencies with respect to the length t defined by the tapped location to the symmetric plane is analyzed. The coupling coefficients (K i,j ) and external quality factor (Q e ) can be calculated from full-wave simulated transmitted coefficients, expressed as [20] 
where f p2 and f p1 are defined to be the higher and lower of the two resonant modes. ω 0 is the resonant frequency and Δω 3 dB the bandwidth for which the attenuation for S 21 is up 3 dB from that at resonance. To satisfy the desired coupling coefficients, the coupling spacing (S 1 , S 2 , and S 3 ) can be determined as 0.4, 1.25, 0.3 mm. The external quality factors (Q e ) are calculated by full-wave EM simulation shown in Figure 5 . It is easily found that the designed external quality factors (Q e ) are dependent on the tapped location t. The desired tri-band response can be obtained simultaneously by shifting t to induce a suitable the Q e for the bandwidths, where t is chosen to be 4.525 mm. Figure 6 shows the multi-path coupling structure of the proposed filter. The solid lines represent the direct coupling routes. Resonators A and B in this figure represent the SISR and SESR, and the superscripts e and o of the SISR denote the even and odd resonant modes, respectively. It is seen from Figure 6 that there are three parallel coupling routes between the input and output. Resonator A o operates at the first passband, and resonator A e operates at the third passband, which is based on evenand odd-mode analysis. Besides, in RF passage 2, resonator B realizes bandpass response combined with SISRs. As a consequence, a tri-band BPF is achieved by the proposed coupling structure, which may introduce transmission zeros in the insertion loss response.
The external couplings of the three passages are accomplished by the 0 • feed structure, which can improve the selectivity performance of proposed tri-band BPF [21] . Figure 6 . Multi-path coupling structure of the proposed filter.
EXPERIMENTAL VERIFICATION AND RESULT
Based on the detailed discussion in the above section, a tri-band filter is designed and fabricated on a substrate with a dielectric constant ε r = 2.65, loss tangent tan δ = 10 −3 and a thickness of h = 1 mm.
After an optimal design process, the final dimensions of the proposed structure are given in Table 1 . A photograph of the fabricated BPF is shown in Figure 7 . The overall physical circuit size of the fabricated tri-band BPF is 0.14λ g × 0.13λ g , where λ g is the guided wavelength at the center frequency of first passband frequency. Figure 8 illustrates the simulated and measured responses, accomplished by using IE3D and Agilent 8719ES network analyzer, respectively. A good agreement is observed between the simulation and measurement over the plotted frequency range. The measured triple passbands are Table 1 . Physical parameters of the filter (all in mm). centered at 1.91, 2.73, and 3.45 GHz with the 3-dB fractional bandwidths of 10.6%, 3.86%, and 3.45%, respectively, as can be found from Figure 8 . The measured insertion losses (IL) including the loss from SMA connectors are 0.51, 0.69, and 1.15 dB, and the return losses (RL) within the three passbands are 18.5, 18.7, and 25 dB, respectively. In addition, the proposed tri-band BPF generates four transmission zeros at 1.58, 2.32, 2.85, and 3.9 GHz, thus significantly improving the band-to-band isolation among these passband. In particular, the rejection level between the second and third passbands is 25.21 dB. Finally, Table 2 is tabulated and provided to compare the proposed tri-band filter with other reported tri-band BPF in [3, 8, 17] , and [18] in terms of key parameters. It can be observed that the proposed filter has the advantages of low insertion loss, high band-to-band isolation level and compact size. 
CONCLUSIONS
In this paper, a novel compact tri-band BPF is proposed and designed based on hybrid resonator, which consists of a stepped-impedance stub resonator and single end short circuited resonator. The SISRs are designed to form the first and third passbands at 1.9 and 3.5 GHz, while the SESRs are utilized to generate the second passband at 2.7 GHz. Both the resonant and coupling properties are carefully analyzed. The tri-band filter with multi-path coupling scheme can produce transmission zeros between each two bands, and the 0 • feed structure is introduced to achieve steep skirt selectivity. Based on the analysis, a tri-band BPF operated at 1.91, 2.73, and 3.45 GHz is designed, fabricated and measured. The good agreement between the simulated and measured results validates the effectiveness of the proposed tri-band BPF.
